Muon capture isotope production (MuCIP) using negative ordinary muon (µ) capture reactions (OMC) is used to efficiently produce various kinds of nuclear isotopes for both fundamental and applied science studies. The large capture probability of µ into a nucleus, together with the high intensity µ beam, make it possible to produce nuclear isotopes in the order of 10 
Introduction
Radioactive isotopes (RIs) for science and technology are produced by various kinds of nuclear reactions on stable nuclei. So far, neutron-induced reactions have been extensively used for RI production because of the large neutron flux available at nuclear reactors. The typical reaction used is the neutron capture (n,γ) reaction. Recently, the photon capture reaction has been shown to be very effective for selectively producing RIs by using the (γ,xn) reaction with x being 1 or 2, depending on the photon energy [1, 2] . Here the cross section is large in the E1 giant resonance region, and high-flux photons are available.
Recently, Compton back-scattering of laser photons scattered off GeV electrons in a storage ring has been shown to be effective to produce high-density RIs [1] . Muon capture isotope production (MuCIP) by the ordinary muon capture method (OMC) is used to produce RIs of A−x Z−1 X with atomic numbers of 1 less by than the target isotope. Furthermore, the µ capture probability (cross section) is large enough to stop in light and heavy nuclei using the recently developed high intensity µ beams. In previous works we studied isotope distributions of residual nuclei after OMC in order to investigate weak nuclear responses associated with double beta decays [3, 4, 5, 6] . We have also shown that the µ capture isotope detection (MuCID) can be used to detect nuclear isotopes by measuring γ-rays following OMC [7] . These works suggest that OMC can be used to produce RIs as well. OMCs have been studied by measuring protons, neutrons, charged particles and γ rays following the µ capture into the nucleus, as given in this review article and references therein [8, 9, 10, 11, 12, 13] .
RIs produced from the target isotope
The present work aims to show that MuCIP using OMC is useful at producing new types of RIs and to demonstrate the feasibility of MuCIP by using OMC on Mo isotopes. In this work, we have extended the neutron cascade model for neutron emission following OMC to the neutron proton emission model by including a possible proton emission. Section 2 describes the OMC RI production and the proton neutron emission model. The OMC RI productions for several medium-to-heavy nuclei are presented in section 3. The Nb RI production rates for OMC on natural Mo isotopes are reported in section 4. Section 5 gives several remarks on MuCIP.
Radioactive isotope production by OMC
MuCIP has several unique features for RI production. Low-energy negative muons are stopped in the target atoms and are exclusively trapped at the inner atomic orbits for about a few nanoseconds. Then, after some 100 nanoseconds, in the case of medium-to-heavy nuclei, most of them are captured into the nucleus and some decay via the weak interaction through the emission of an electron, an electron anti-neutrinos ( − ν e ) and a muon neutrinos (ν µ ). The µ capture probability is more than 90% for most nuclei with Z ≥20 [14] . The negative µ capture into the target nucleus of A Z X is followed mostly by a number (x) of neutron emission and y proton emission for medium-heavy nuclei but the number of charge particle emission including proton and alpha is greater in light nuclei [8, 11, 12, 13] . Then the residual RIs are [8, 9, 10] . Among these reaction channels, the major reaction channel is one neutron emission.
MuCIP on a medium-to-heavy nucleus proceeds mainly by the OMC neutron emission. It is expressed as
where the number x of the emitted neutron is x = 0-5, depending on the excitation energy. The residual nucleus
A−x Z−1 X = X' may be radioactive, also depending on the mass number A − x. The RI production rate R(X ) per sec and the number N (X ) of RIs X' by the µ beam exposure for T µ sec are given as
where η is the µ stopping probability, R(µX) is the µ capture probability, Br(X ) is the branching ratio to the isotope X' channel via x neutron emission and N µ is the µ flux and k(T µ) is the RI decay rate during the muon beam exposure. By using a thick target and adjusting the µ momentum so as to stop in the target, one can get η ≈1. The muons are then mostly captured into the nucleus in the case of medium-to-heavy nuclei with Z ≥20. The branching ratio is evaluated by using the pre-equilibrium (PEQ) -equilibrium (EQ) proton neutron-emission model [16] . Reference [17] shows that the systematic study of PEQ to EQ ratio is fixed to 25% to reproduce neutron spectra in experimental observation.
The excited state with the excitation energy E ex in the A Z−1 X after the (µ, ν µ ) capture reaction de-excites by emitting neutrons at the PEQ and EQ stages [16] . First, we consider the major decay process in the neutron emission model [18, 19] . The neutron decay scheme is illustrated in Fig. 1 . The excited state produced by the capture decays by emitting neutrons if the state is neutronunbound, and decays by emitting γ rays to the ground state if it is bound.
Here we follow the neutron emission model(NEM) in references [18] and [19] .
In previous work [18, 19] , we ignored the proton emission which is strongly suppressed by the Coulomb barrier in the case of medium and heavy nuclei.
The energy spectrum of the first neutron n(1) is given by [16] 
where T EQ (E) and T P EQ (E) are the EQ and PEQ nuclear temperatures and p is the fraction of the PEQ neutron emission. We used the values of T EQ (E) = √ (E ex /a) with a as the level density parameter [16] . The parameter is expressed as a = A/8 MeV for the nucleus with the mass number A. T P EQ (E) is given by b × T EQ (E) with b ≈3 for the OMC medium-excitation (E ex ≈ 10-40 MeV).
After one neutron emission, the emission takes places only via the EQ. Thus, the neutron emission follows only the first term of eq (3).
The residual nucleus
A−1 Z−1 X after the first neutron emission de-excites by emitting a second neutron or γ rays, depending on the excitation energy above or below the neutron threshold energy, B n . The ground state of A−1 Z−1 X is populated after the γ decay. The second neutron n(2) is the EQ evaporation neutron, and then if the residual nucleus after the second neutron emission is neutronunbound, the third neutron is emitted, and the cascade neutron emission continues until the residual state becomes neutron-bound, which then decays by emitting gamma rays. Finally, the residual isotopes of A−x Z−1 X with x = 0, 1, 2, 3, ... , are attained, depending on the initial excitation energy E ex and the number x of the emitted neutrons. Some of the residual isotopes of A−x Z−1 X produced by MuCIP are β-unstable RIs.
In the previous NEM [17, 18, 19] , the mass number A − x distribution is shown to reflect the strength distribution B(µ, E) of the nucleus is above both B n and B p , it decays by emitting predominantly neutrons since proton emission is prohibited by the Coulomb barrier in the case of medium and heavy nuclei. Decays by proton emission is limited to the region of B n ≥ E ≥ B p . Note that after a proton emission, the residual state decays by emitting γ rays to the ground state.
OMC GR region during RI production
It is shown that the OMC preferentially excites the GR region with E ≈
10-40 MeV in the nucleus
A Z−1 X [5, 18, 19, 20] . Then the strength distribution of B(µ, E) is given by the sum of the 2 giant resonance strengths of B 1 (µ, E) and B 2 (µ, E) [18, 19] , where E Gi and Γ i with i=1,2 are the resonance energy and the width for the ith giant resonance, and the constant B i (µ) is expressed as
with σ i being the total strength integrated over the excitation energy.
RI mass distributions for target isotopes of 100 Mo, The spectrum was measured 22.25 hours after µ irradiation. Table 6 : RIs produced by OMC on Nat Mo. Columns 1 and 2 show the RI produced byµ capture and the residual nucleus, and column 3 gives the emission process involved. Column 4 gives the half-life of the RIs produced by OMC. Column 5 is the number of the RIs, column 6 lists the typical γ ray(s) [7] , and column 7 is the calculated N(X') by the PNEM. Figure 5 shows the γ ray spectrum measured by GMX1 after 22.25 hrs from the µ irradiation. In the spectrum, many γ rays coming from RIs produced from Nat Mo(µ,xn) reactions can be seen and they are listed in Table 6 . The number of RIs, N(X') produced by the MuCIP are derived from the observed γ ray yields corrected for their decays during the µ irradiation. The statistical and systematical errors are included based on the Ge peak efficiency and the γ-ray branching ratio. The Nb isotopes with Z-1=41 in the large mass range of A=100-90 were well produced by using the natural Mo isotopes with Z=42 in the mass region of A=100-92. Some Zr and Y isotopes with Z=40 and Z=39
were observed in mass range of A=97-87. Note that similar γ ray spectra were measured in the previous work [7] , where isotope detection was studied.
The 140.5 keV line is the strongest γ ray from the 6 hr isomer of 99m Tc, which is the decay product of the 66 hr 99 Nb produced by the 100 Mo (µ, 1n) reaction. This is one of the RIs widely used as medical tracers. 100 Nb is based on the previous experiment in J-PARC [19] . The RIs discussed so far are mainly produced by neutron emission after the µ capture.
The small peak at 743.5 keV is the γ ray from the 16.9 hr 97 Zr, which is The sum of the number of the observed RIs given in the Table 5 and that in Figure 6 are around 3.1×10 9 , while the number of the muons stopped at the Mo plates A and B was 3.5×10 9 . Thus, the total number of the RIs, including the 94 Nb with T 1/2 = 2×10 4 y and the stable 93 Nb, are nearly the same as the number of the muons. In other words, all muons were mainly captured into the Mo nuclei to produce Nb and other isotopes. Here the number of protons used to produce the muons was N p = 1.45 × 10 16 . Thus, the RI production ratio is N RI /N p ≈2.5×10 −7 . Actually, only a few % of the negative muons from the MuSIC beam line was used. Then, the RI production rate by using the full negative muons is around N RI /N p ≈ 7 × 10 −6 . This efficiency is very high.
Thus one gets N RI ≈ 4 × 10 7 per sec for 1 µ A proton beam. Figure 6 illustrates the RI mass distribution for natural Mo based on Table 5 .
Here we clearly note that the PEQ-EQ PNEM not only reproduces the enriched target but is also able to estimate the RI fraction from experimental work. For
Nat
Mo the proton emission events seem very small compared to the neutron emission events. 
Remarks
The present work shows that MuCIP using OMC is a very efficient and useful tool to produce various kinds of RIs. The isotopes produced from the target isotope of in pure and applied science as part of muon capture isotope detection(MuCID) [21] . Since one may use rather thin targets in the order of a few 10 mg/cm 2 to stop low-momentum muons, the RI density with 10 9 muons per sec per 10 cm
